Intensive historical and worldwide use of the persistent pesticide technical-grade 26 hexachlorocyclohexane (HCH), composed of the active ingredient γ -HCH (called lindane) along 27 with several other HCH isomers, has led to widespread contamination. We derived four 28 anaerobic enrichment cultures from HCH-contaminated soil capable of sustainably 29 dechlorinating each of α -, β -, γ -, and δ -HCH isomers stoichiometrically and completely to 30 benzene and monochlorobenzene (MCB). For each isomer, the dechlorination rates increased 31 progressively from <3 µM/day to ~12 µM/day over two years. The molar ratio of benzene to 32 MCB produced was a function of the substrate isomer, and ranged from β (0.77±0.15), α 33 (0.55±0.09), γ (0.13±0.02) to δ (0.06±0.02) in accordance with pathway predictions based on 34 prevalence of antiperiplanar geometry. Cultivation with a different HCH isomer resulted in 35 distinct bacterial communities, but similar archaeal communities. Data from 16S rRNA gene 36 amplicon sequencing and quantitative PCR revealed significant increases in the absolute 37 abundance of Pelobacter and Dehalobacter, especially in the α -HCH and δ -HCH cultures. This 38 study provides the first direct comparison of shifts in anaerobic microbial communities induced 39 by the dechlorination of distinct HCH isomers. It also uncovers candidate microorganisms 40 responsible for the dechlorination of α -, β -, γ -, and δ
(6%-10%) isomers. 1, 3 During manufacturing and application of technical-grade HCH, large 50 quantities were improperly disposed, 4 leading to widespread heavy contamination of soils with 51 all isomers. [5] [6] [7] Although the use of HCH is restricted or completely banned in most countries, 52 HCH isomers are still detected in water, soil, sediments, plants and animals all over the world. 8 53 HCH isomers are recalcitrant, bio-accumulating, neurotoxic, teratogenic and carcinogenic 54 substances; 9, 10 and were included in the Stockholm Convention list of persistent organic 55 pollutants in 2009. 2, 11, 12 56 HCH isomers differ in the orientation of the chlorine atom substituents on the cyclohexane 57 ring ( Figure S1 in Supplementary Information (SI)), which can either be axial (vertically above 58 or below the ring) or equatorial with the cyclohexane ring. These structural differences give rise 59 to considerably different physical and chemical properties (Table S1 ), owing to differences in 60 dipole moment and steric effects that influence reactivity, especially for nucleophilic and 61 electrophilic reactions. 3, 13, 14 Bulky axial substituents are closer to each other on the same side of 62 the ring, a phenomenon known as 1,3-diaxial interaction 15 which increases the overall energy of 63 the molecule and provides specific sites for enzyme attack. 16, 17 For example, α -and γ -HCH, 64 having two and three axial chlorine atoms, are more easily biodegraded than δ -HCH containing 65 only one axial chlorine atom. 5, 9, 18 β -HCH is the least reactive and most persistent isomer 66 because all the chlorine atoms occupy more commodious equatorial positions with lower 67 energy. 9, 18, 19 In addition, HCH has two different chair conformers which are at rapid equilibrium. 68
The conformers with fewer axial chlorine atoms and lower torsional strain are always favored 69 ( Figure S1 and Table S2 ). 70
Both abiotic and biotic transformation reactions have been observed with HCH isomers. 71
Abiotic reactions occur under alkaline (pH≥8.3) and chemically-or electrochemically-reducing 72 conditions. 2, 20-24 Dehydrochlorination and chemical dichloroelimination are the principal abiotic 73 reactions. Dehydrochlorination (i.e., elimination of HCl) from two adjacent carbon atoms (when 74 substituents are in the anti-axial position) does not involve electron transfer and may occur 75 abiotically and spontaneously, while dichloroelimination removes two chlorines from two 76 adjacent carbons with a net input of two electrons to produce an olefin. Dehydrochlorination of 77 HCH isomers has only been observed in alcoholic solvents under alkaline conditions (pH≥8.3), 78 and the major end product was 1,2,4-trichlorobenzene (TCB) with lesser amounts of 1,2,3-and 79 1,3,5-TCB after three successive steps of dehydrochlorination. 20, 21, 25 The half-life of γ -HCH 80 decreased from 1100 days at pH 6.9 to 126 days at pH 8.3 and to about 30 min at pH 12. 21 In 81 contrast, chemical dichloroelimination of γ -HCH is relatively pH insensitive and can be 82 mediated by iron sulfides (FeS) and activated carbon to generate dichlorobenzene (DCB) and 83 TCB isomers as end products. 2, 21, 22 These reactions were reported to only occur at the surface of 84
FeS and electrons were provided by the solid rather than dissolved in solution phase. 21 The 85 electrochemical reduction of HCHs to benzene has also been described in detail. 23, 24 Although 86 the aforementioned abiotic reactions have been demonstrated in the laboratory, in the 87 environment these type of reactions are expected to happen very slowly because pH is generally 88 around neutral and reducing equivalents are not in excess. In fact, the amount of detectable HCH 89 that remains in HCH-contaminated soils varies depending on the characteristics of the 90 contaminated site and the composition of the isomer mixture. 26 The environmental half-life of β -91 HCH, for example, is estimated to be in the order of years in contrast to γ -HCH which is in the 92 order of days. Soil moisture, temperature, and the oxidation-reduction potential of the subsurface 93 will also impact the rates and extent of abiotic and biotic transformations in contaminated 94 environments. 95 HCH isomers can be biodegraded under both aerobic and anaerobic conditions. 96
Sphingomonas, Sphinobium and Pseudomonas are the dominant genera responsible for aerobic 97 degradation of HCH and use HCH as a sole carbon source. 6, [27] [28] [29] The lin genes involved in 98 aerobic HCH isomers degradation pathway have been fully characterized. 6, 10, [30] [31] [32] [33] contamination is also reported for anaerobic environments such as river sediments near former 100 agricultural land and landfills. 34, 35 Anaerobically, reductive dechlorination of HCH isomers has 101 been observed in soil, sludge, and enrichment cultures. 5, 18, [36] [37] [38] Citrobacter, 102 Desulfovibrio, and Desulfococcus have been found to mediate the dechlorination of HCH 103 isomers co-metabolically. 10, 16, [39] [40] [41] [42] In these studies, relative dechlorination rates depended on the 104 isomer and were found to be in the order
. 10 An enrichment culture capable of using 105 γ -HCH as a terminal electron acceptor was reported in 2011, yet no known organohalide-106 respiring genera were detected. 43 To date, only organohalide-respiring Dehalobacter sp. E1 has 107 been reported to dechlorinate β -HCH coupled to growth. 19, 44 Dehalococcoides mccartyi strain 108 195 was recently reported to dechlorinate γ -HCH and use γ -HCH as a substrate for growth; 45 109 however, the specific genes and enzymes responsible for reductive dechlorination of HCH 110 isomers have not been identified. Tetrachlorocyclohexene (TeCCH) isomers have been detected 111 as metabolites. 5, 40, 46, 47 The dechlorination pathway of β -HCH was proposed to comprise two 112 sequential dichloroelimination reactions followed by either another dichloroelimination to 113 produce benzene or a dehydrochlorination to generate monochlorobenzene (MCB). 5, 19 These 114 dechlorination processes and the end-products have not been systematically characterized for all 115 HCH isomers. 116 In this study, a γ -HCH-dechlorinating enrichment culture (GT1) derived from HCH-117 contaminated soil from Guadeloupe (French West Indies) was used to inoculate a series of 118 transfers into mineral medium that were amended with either Figure 1 ) and re-amended repeatedly as HCH became depleted. 137
The original microcosms and GT1 culture were fed much less frequently. Sterile controls (with 138 autoclaved culture) were prepared at the same time. All cultures were prepared in triplicates and 139 incubated statically in dark at room temperature in a Coy anaerobic chamber (Coy Laboratory 140 Products, Madison, WI) supplied with a CO 2 /H 2 /N 2 (10/10/80 percent by volume) gas mix. HCH 141 isomers were initially dissolved in acetone and ethanol to make feeding stock solutions in which 142 the acetone/ethanol mix served as electron donors. Because each isomer has a different solubility 143 in this solvent mix, the feeding stocks had different concentrations of HCH, and this led to 144 adding different amounts of electron donors to each set of enrichments. Specifically, donor was 145 added at very high excess to the β -HCH and α -HCH bottles: 511 and 201 times the electron 146 equivalents (eeq) required for complete dechlorination, respectively. Donor was added at lower 147 dosages for the δ -and γ -HCH bottles, i.e., 98 and 46 times eeq, respectively. To harmonize and 148 reduce donor addition, a solvent-evaporation method was devised to add HCH isomer to each 149 culture bottle (without solvent) and this method was implemented from Day 499 onwards (see 150 "HCH and electron donor amendment methods" in the SI). With the new method, only ethanol 151 was provided as donor at a consistent 10 times the eeq required for complete dechlorination. 152
Dechlorination rates were calculated assuming zero-order kinetics as
where v is the 153 dechlorination rate (µM/day) and C T1 and C T2 are the molar concentrations at times T 1 and T 2 , 154 respectively. The recovery of products based on the amount of HCH isomer amended was 155 calculated as
, where compound names represent molar 156 concentrations and i represents the specific isomer: The amounts of HCH isomers and electron donor amended to each culture are listed in Table S3 . HCH isomers, ordination analyses were conducted. Because of excess acetone and/or ethanol 207 provided as donor, archaea flourished in the microbial community. Therefore, in an attempt to 208 better delineate differences between the bacterial or archaeal communities, archaea and bacteria 209 data were separated for the ordination analysis. Nonmetric multidimensional scaling (NMDS) 210 was performed using the metaMDS function, Vegan Package v2.5-5 in R (v3.6.1) with absolute 211 abundance of bacteria or archaea calculated by multiplying total bacteria or archaea gene copies 212 (obtained from qPCR) by the normalized relative abundance within bacterial or archaeal OTUs 213 obtained from amplicon sequencing. The Bray-Curtis dissimilarity index was used to calculate 214 bacterial or archaeal community phylogenetic distance, which was then visualized using the 215 NMDS numerical technique. The number of dimensions was chosen to minimize stress which is 216 a measure of the agreement between dissimilarity scores and predicted ordination distances. 59, 60 217 218 3. Results and Discussion 219
Reductive Dechlorination of HCH Isomers 220
Dechlorination of all four HCH isomers was sustained over 600 days. The average recovery, 221 R i , of the four isomers in this study in the active enrichments was 92%±5% (N=12), confirming 222 that each HCH isomer was stoichiometrically and completely transformed to MCB and benzene. 223
To view comprehensive time course data, the cumulative production (rather than concentration) 224 of the end-products MCB and benzene was plotted over time (Figure 2 3.3 ± 0.13, 2.9 ± 0.42, and 4.3 ±0.18 µM/day on Day 240, to 14 ± 3, 8.8 ± 1.2, 13 ± 1.2 and 13 ± 228 1.7 µM/day on Day 595, respectively. In all cases, dechlorination rates increased progressively, 229 strongly suggesting that the dechlorination processes were growth-linked. In sterile controls, 230 abiotic dechlorination of HCH to benzene and MCB was insignificant relative to biotic rates 231 ( Figure S2) . 232
The ratio of benzene to MCB produced varied by the isomer type and was relatively 233 consistent as follows: (Figure 3) . 234
These ratios were comparable to values published previously (comparison shown in Table S4 ). 235
Among previous reports, only Doesburg et al. (2005) compared more than one isomer and found 236 that the ratios decreased in the same order as what we found, i.e., β > α > γ . 19 They hypothesized 237 that the ratio decreased with increasing number of axial chlorine atoms. 19 HCH at a concentration of 10 g/L. 21 In this study, FeS was added as a reducing agent at much 249 lower concentration (< 0.02 g/L), presumably too low to provide sufficient surface area for 250 reaction because we observed that abiotic reactions were insignificant ( Figure S2 ). We also 251 observed stoichiometric production of MCB and benzene, indicating that either two or three 252 biologically-mediated reductive dichloroelimination steps must have occurred. We sketched the 253 most likely sequential elimination reaction pathways for each HCH isomer based on the 254 prevalence of antiperiplanar geometry. Antiperiplanar geometry is where leaving groups (Cl or H 255 atoms) on adjacent carbon atoms are in axial positions such that the all atoms are co-planar, thus 256 facilitating the formation of a new π bond. We compared these predicted pathways with observed 257 benzene to MCB ratios (Figure 4) . For all isomers, the first reaction can be a reductive 258 dichloroelimination reaction to produce TeCCH (Figure 4 ). For the 
Ordination Analysis 291
Microbial community diversity was surveyed through 16S rRNA gene amplicon 292 sequencing, and the absolute cell numbers of archaea and bacteria were quantified using qPCR. 293
The numbers of quality amplicon sequences obtained per sample are provided in Table S5 . The 294 qPCR data and phylogenetic assignments of sequences clustered into OTUs as well as 295 representative sequences for each OTU are provided in Table S6 and S7. An NMDS analysis was 296 performed to visualize the microbial communities and to explore the environmental variables 297 which may relate to the observed differences. Absolute abundances of the most abundant 298 bacteria and archaea (>2% , Table S7F and S7G) were analyzed separately, and the results are 299 shown in Figures 5 and S3 . The corresponding stress with 2 dimensions was 0.12 ( Figure S4 ). In 300 Figure 5 , the 95% confidence ellipses, representing samples from different isomers, were 301 distinguished from each other, confirming that the type of isomer led to distinct bacterial 302 communities. Within each isomer set, the samples taken on Day 240 clustered separately from 303 those collected on Day 595, indicating the development of microbial communities over time, 304 particularly as donor addition was reduced. Figure 5 also plots the location of bacteria that drive 305 the calculated distances separating the samples. There are some bacteria which are poorly 306 characterized and belong to candidate phyla with unknown cultivated members (unclassified 307 W22, WCHB1-15, TA06, OD1, GIF10 and Cloacamonaceae). For example, GIF10, OD1 and 308
Cloacamonaceae are close to samples collected from β -HCH enrichment cultures on Day 595. 309 Dehalobacter is located in the middle of the plot closest to the δ -HCH enrichment culture 310 samples. In contrast, an NMDS analysis using the absolute abundances of the most abundant 311 archaea (>2%) revealed only two clusters: one cluster with the parent culture and another cluster 312 comprised of all other culture bottles, regardless of time sampled ( Figure S3 ), indicating that the 313 HCH isomer did not influence archaeal community. 314 315
Microbial Community Composition 316
Based on qPCR, a higher fraction of archaea relative to bacteria was observed in enriched 317 samples ( Figure S5 , Table S6 ). Given the frequent feedings with excess electron donors, this is 318 not surprising. However, the relative abundance of archaeal groups on Day 595 was not 319 noticeably lower than that of Day 240 even though electron donor addition was reduced and 320 harmonized from Day 499 onwards. The total number of bacteria as inferred from qPCR (Table  321 S6) was on the order of 4×10 7 16S rRNA gene copies per mL culture and did not differ much 322 between cultures. 323
The most abundant (>2%) bacteria and archaea are visualized in a heat map ( Figure 6 In contrast, the absolute abundance of Dehalobacter increased from Day 240 to Day 595 in 337 all enrichment cultures, making Dehalobacter a likely candidate for dechlorinating HCH 338 isomers. Dehalobacter sp. E1 was reported to metabolize β -HCH. 19, 44 To further explore the role 339 of each OTU in these cultures, we calculated the changes in 16S rRNA gene copies per µmol 340 chloride released over the intervals from which we had data and in particular, the last interval 341 from Day 240 to Day 595 (Table S8 ). Although the time interval was very long, the calculated 342 growth yields of Dehalobacter for α -, β -and δ -HCH enrichment cultures ranged from 2ൈ10 5 to 343 8ൈ10 6 copies/μmol of chloride released, which is similar to a published growth yield of 344 1.62ൈ10 6 copies/μmol for Dehalobacter growing on chlorobenzenes. 63, 64 As Dehalobacter is an 345 obligate organohalide-respiring bacterium, these data strongly support that dechlorination of 346 these HCH isomers is metabolic and growth-linked. Only in the γ -HCH enrichment cultures did 347
Dehalobacter copies not increase as much from Day 240 to Day 595. Perhaps the fact that these 348 cultures were set up 130 days later, and were provided with less electron donors overall affected 349 these results. The only other OTU in the γ -HCH enrichments with a significant increase between 350 days 240 and 595 is Pelobacter (Table S8D ), yet this OTU is unlikely an organohalide-respiring 351 bacterium, as reasoned above. Other OTUs that showed a consistent pattern of increasing 352 abundance and yield for a specific isomer between Day 240 and Day 595 ( Figure 6 and Table S8) to produce methane (shown in Figure 1 ). 360 361
Implications for HCH contaminated sites 362
HCH contamination is extensive on former agricultural lands as well as in legacy production 363 and waste storage or containment facilities around the world. The stable HCH-dechlorinating 364 microbial enrichments cultures obtained in this study are important building blocks in the 365 development of bioremediation technologies for HCH-contaminated sites. In fact, a successful 366 demonstration of HCH biodegradation (via biostimulation) in a full scale in situ bioscreen was 367 reported in the Netherlands. 65 Such approaches would benefit from the added value of in situ 368 bioaugmentation. Though partial dechlorination to MCB and benzene is not in itself a full 369 remediation, a combination of technologies could be used to achieve complete bioconversion of 370 HCH to non-toxic end products, depending on site conditions. Moreover, benzene and MCB sorb 371 less than the parent compounds and thus can be ultimately removed from soil more easily. 372
Bioaugmentation with different cultures capable of biotransformation of MCB and benzene may 373 be feasible. In fact, the anaerobic conversion of benzene and MCB in bioaugmented microcosms 374 has been reported. 66 A combination of anaerobic and aerobic treatments may also be feasible to 375 take advantage of the fast aerobic biodegradation of MCB and benzene. Further investigations 376 into the mechanism of dechlorination and the feasibility of complete detoxification of HCH 377 isomers using multiple enrichment cultures are underway. Notes: The original inoculum was a γ-HCH-amended enrichment called GT1, derived from Guadeloupe soil microcosms set up in 2010. The γ-HCH dechlorinating triplicate culture set was set up 130 days later than the other three culture sets. DNA samples were collected on Day 240 and 595. On Day 499, the feeding method was changed so that the same amount of donor was supplied to all isomer bottles, reducing the amount of donor added. Corresponding electron equivalent ratios of donor to HCH are shown for each isomer; the ratio was harmonized to 10:1 after day 499. The short arrows show feeding events (see Table S3 for detailed feeding information).
Figure 2.
Cumulative dechlorination of α-, β-, γ-and δ-HCH to MCB and benzene in triplicate enrichment cultures over a 250-day window (Days 370-620). Donor amendment was harmonized to 10 times electron equivalents from Day 500 onwards and the amount of HCH fed was increased gradually. The data shown corresponds to the mean of triplicate bottles and the error bars correspond to one +/-standard deviation of the mean. The dashed line represents the total amount of HCH added to each bottle in a set. HCH was re-amended only when the sum of MCB and benzene equaled the amount added. Black arrows represent feeding events (see Table S3 for detailed feeding information). Data from Day 370 to Day 620 are shown; prior data was not recorded as frequently. DNA samples were taken on Days 240 and 595. . Proposed dechlorination pathways for HCH isomers and observed benzene to MCB molar ratios. Solid wedges indicate bonds that project outward towards the viewer (or "up" on the ring), and dashed wedges are bonds that recede away from the viewer (or "down" on the ring). The superscripts "e" and "a" on the chlorine atoms indicate equatorial or axial positions. Circled substituents highlight leaving groups where the solid lines represent direct elimination while dashed lines mean a ring flip must occur before elimination. Thicker arrows are more favored pathways. Isomers are listed in order of decreasing observed and predicted benzene formation. Figures were generated with ChemDraw (v16). , Table S7F ), expressed using an NMDS plot (projected from 2 dimensions, stress = 0.12). Distances between points in this figure reflected the rank differences between samples (i.e., dissimilarities). The black, magenta, blue, green and orange points represent the parent GT1, α-, β-, γ-and δ-HCH enrichment cultures, respectively. The open circles are samples collected on Day 240 and closed circles are samples from Day 595. The 95% confidence ellipses for each isomer are also presented. Microbial taxa shown with abbreviated names (Table S7F ) were overlaid on the NMDS plot. The archaeal community was not significantly affected by the different HCH isomers (see Figure S3 ). Figure 6. Absolute abundance of major (>2%) bacteria and archaea in enrichment cultures dechlorinating β-, α-, δ-and γ-HCH, listed in order of decreasing amount of cumulative electron donor added. The data above the heat map show DNA sampling date and day, and the total electron donor and HCH amended to each bottle over the 90-day period prior to DNA sampling. In all cases, the amount of donor decreased while the amount of HCH increased between the two time points. At the first sampling time (Day 240), a large excess of donor was provided, particularly for β-and α-isomers. By the second sampling point (Day 595), the donor addition had been harmonized and reduced to10 electron equivalents in excess of that required to dechlorinate added HCH (assuming 6 eeq/mole). The plus signs on the heatmap highlight significant increases of Dehalobacter between the two time points, while the minus signs show the decrease of Pelobacter in the two culture sets that originally had greatest excess of donor. The phylogenetic tree on the left was created using the PHYML plugin in Geneious (V8.1.9) under the JC69 mode of evolution based on the most abundant bacterial and archaeal OTUs obtained from amplicon sequencing. Taxonomical assignments are on the right. The absolute abundances of each OTU were calculated by multiplying the normalized relative abundances of bacteria or archaea by their total abundance determined by qPCR. The details of the feeding information, qPCR data, absolute/relative abundances of microbes and representative sequences are included in Table S3 , S6, S7 and Figure  S5 .
